Based on an effective two-band model and using the fluctuation-exchange (FLEX) approach, we explore spin fluctuations and unconventional superconducting pairing in Fe-based layer superconductors. It is elaborated that one type of interband antiferromagnetic (AF) spin fluctuation stems from the interband Coulomb repulsion, while the other type of intraband AF spin fluctuation originates from the intraband Coulomb repulsion. Due to the Fermi-surface topology, a spin-singlet extended s-wave superconducting state is more favorable than the nodal dXY -wave state if the interband AF spin fluctuation is more significant than the intraband one, otherwise vice versa. It is also revealed that the effective interband coupling plays an important role in the intraband pairings, which is a distinct feature of the present two-band system. PACS numbers: 74.20.Mn, 74.20.Rp, 74.90.+n The recent discovery of superconductivity with higher transition temperatures in the family of iron-based materials [1] has stimulated enormous research interests both experimentally [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and theoretically [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . In particular, the origin and nature of superconductivity and spin density wave (SDW) ordering observed in these materials have been paid considerable attention [2, 4, 9, 10, 11, 12, 14, 15, 17, 18, 22, 24] . Currently available experimental data suggested that the superconducting pairing state exhibit nodal behaviors This new family of superconductors has a layered structure, where the FeAs layer is experimentally suggested to be responsible for the superconductivity [1, 2, 3, 5, 6, 7, 8] . The LDA band calculations [12, 13, 24] indicate that there are five bands intersect the Fermi level in the folded Brillouin zone (BZ), in which four bands are quasi-two-dimensional. Therefore, in the representation of the unfolded (or extended) BZ, two bands may be able to reproduce the main features of the four Fermi pockets after folding. In this paper, we employ an effective two-band model Hamiltonian [20] to explore the low energy excitation physics including spin fluctuations and superconducting pairing with the FLEX approach [25] . It is illustrated that one type of commensurate AF spin fluctuations stems from the interband Coulomb repulsion associated with the nesting between the electron and hole Fermi pockets, while the other type of intraband AF spin fluctuation originates from the intraband Coulomb repulsion. Due to the Fermi-surface topology, a spinsinglet extended s-wave superconducting state is more favorable than the nodal d XY -wave state as the interband spin fluctuation is significant, otherwise vice versa. It is also elaborated that the effective interband coupling is enhanced by the interband AF spin fluctuation and plays an important role in the intraband pairings.
The recent discovery of superconductivity with higher transition temperatures in the family of iron-based materials [1] has stimulated enormous research interests both experimentally [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and theoretically [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . In particular, the origin and nature of superconductivity and spin density wave (SDW) ordering observed in these materials have been paid considerable attention [2, 4, 9, 10, 11, 12, 14, 15, 17, 18, 22, 24] . Currently available experimental data suggested that the superconducting pairing state exhibit nodal behaviors [4] , while preliminary theoretical arguements/analyses indicated the pairing possibilities of an extended s-wave (either without [14] or with nodes [15] ), a nodal d-wave [15, 18] , a spin-triplet s-wave [17] , and a spin-triplet p-wave [21] , all of them are based on the scenario that spin fluctuations induce the superconductivity in this kind of systems (with antiferromagnetic fluctuations being responsible for the former two spin-singlet pairings while ferromagnetic origin for the latter two spin-triplet pairings). Therefore, systematic and profound theoretical investigations on spin fluctuations and their relationship with the superconducting pairing are significant and of current interest.
This new family of superconductors has a layered structure, where the FeAs layer is experimentally suggested to be responsible for the superconductivity [1, 2, 3, 5, 6, 7, 8] . The LDA band calculations [12, 13, 24] indicate that there are five bands intersect the Fermi level in the folded Brillouin zone (BZ), in which four bands are quasi-two-dimensional. Therefore, in the representation of the unfolded (or extended) BZ, two bands may be able to reproduce the main features of the four Fermi pockets after folding. In this paper, we employ an effective two-band model Hamiltonian [20] to explore the low energy excitation physics including spin fluctuations and superconducting pairing with the FLEX approach [25] . It is illustrated that one type of commensurate AF spin fluctuations stems from the interband Coulomb repulsion associated with the nesting between the electron and hole Fermi pockets, while the other type of intraband AF spin fluctuation originates from the intraband Coulomb repulsion. Due to the Fermi-surface topology, a spinsinglet extended s-wave superconducting state is more favorable than the nodal d XY -wave state as the interband spin fluctuation is significant, otherwise vice versa. It is also elaborated that the effective interband coupling is enhanced by the interband AF spin fluctuation and plays an important role in the intraband pairings.
We start from an effective two-band model Hamiltonian
where H 0 is given by
Here c klσ denotes the band-electron annihilation operator with the wave vector k, spin σ in the band l (l = 1, 2). In the present work, the two energy bands denote the hole band (band-1) and electron band (band-2), with their dispersions being approximated by 4 sin k x sin k y , as addressed in Refs. [20, 26] . Here, ξ xz (k) and ξ yz (k) may be understood as the iron d xz and d yz orbit-dispersions while ǫ(k) as the hybridization of the two orbits. To produce better the topology of the Fermi surface and band features of the LDA calculations [12, 13, 24] , we set t 1 = −1.0, t 2 = 1.5, t 3 = −1.2, t 4 = −0.95, µ = 0.74, 1.7 (in units of |t 1 |), which gives rise to the electron Fermi pockets and the hole Fermi pockets (being respectively denoted by the green and red lines in Fig.1 (a) ) as well as the band structure ( Fig.1(c) ).
The interacting term H int consists of the effective intraband
where the i-site is defined on the reduced lattice (one Fe per cell).
Experimental data [3, 9, 10, 11] indicated that the undoped material LaOFeAs behaves like a semimetal, and exhibits the itinerant antiferromagnetism. Thus it is reasonable to consider the Coulomb interaction to be intermediate in this system. In this sense, the FLEX approach [25] appears to be an adequate method. In this approach, the spin/charge fluctuations and the electron spectra are determined self-consistently by solving the Dyson's equation with a primary bubble-and ladder-type effective interaction. For the two-band system, the Green's function and the self-energy are expressed as the 2 × 2 matrices, satisfying the Dyson equation:
, where the effective interactionV is a 4 × 4 matrix (with the basis (|11 , |22 , |12 , |21 )) given by [28] 
as the spin and charge fluctuations. The irreducible susceptibility is χ µm,νn
and the interaction vertex reads, ′ otherwise. In the above equations, k ≡ (k, ω n ) and q ≡ (q, iν n ) are used, with ω m the Matsubara frequency, T the temperature, and N the lattice site number.
The above equations form a closed set of equations and can be solved self-consistently to get the renormalized Green's function in the presence of the interaction H int . After obtainingĜ(k), we can look into the superconducting instability and the gap symmetry from the following Eliashberg equation [28] 
with the pairing potential being given byΓ pockets [18] (Fig.1 (a) ), which is clearly seen from the interband component χ s 12 shown in Fig.2(d) . The appearance of this type of AF spin fluctuation around (±π, 0) and (0, ±π) is in good agreement with the neutron scattering measurements [10, 11] , and here we refer to it as the interband AF spin fluctuation. More intriguingly, the other type of intraband spin fluctuation is seen to peak around (0.5π, 0.5π) in the components χ The most favorable superconducting pairing symmetry at a fixed temperature is determined by solving the Eliashberg equation with the maximum eigenvalue. The calculated maximum eigenvalues (for various possible pairing symmetries) versus temperature are plotted in Fig.3(a) . Firstly, one can see that the eigenvalue for the spin-triplet p-wave state is much smaller than those of the spin-singlet state, and at the mean time exhibits a flat temperature dependence. Therefore, we can safely rule out the possibility of the spin-triplet state in the present model calculation. In the spin-singlet channel, the eigenvalue of d XY -wave state is larger than that of the s-wave state, and in particular the former increases rather rapidly with decreasing temperature. In view of this tendency, although the maximum eigenvalue λ = 1 has not been reached yet, it is reasonable to consider the spin-singlet d XY -wave to be the most favorable state in this set of parameters. The calculated k-space structure 
is the wave vector denoted in the folded BZ. Interestingly, we note that the gap magnitude in the electronband is significantly larger than that in the hole-band. This feature could also be understood as follows. Eq.(6) may approximately be rewritten as
for ω = 0, where
with the effective intraband pairing potential and interband coupling asṼ
, the gap amplitude of electron band (band 2) is mainly determined from the intraband pairing of itself, while that of the hole-band depends mainly on the interband coupling from the electron band. From the expression ofṼ ll ′ , it is elucidated that the intraband spin AF fluctuation leads to the intraband pairings, while the interband AF spin fluctuation enhances the effective interband coupling (associated with the interband coupling factor U ′ J ′ ) and thus the intraband pairings of both bands [29] . The above conclusions are unchanged for µ = 1.7 or J ′ = 0.5, where the intraband spin fluctuation has an even more impact on the pairing. However, if the interband AF spin fluctuation is dominant over the intraband one, as seen in Fig.4(a) for U = 5.5, U ′ = 4.0, J = J ′ = 1, and µ = 0.74, an extended s-wave state (Figs.4 (b) and (c)) would be more favorable than the d-wave one. A similar conclusion has also be obtained in a recent renormaliztion group study [30] .
Because the spin fluctuation χ s is stronger than the charge fluctuation χ c (not shown here), the pairing interaction in the spin-singlet channel is positive (Γ s (q) > 0). Consequently, once the gap function satisfies the condition ∆ l (k)∆ l ′ (k + Q) < 0, where Q is the wave-vector around which the pairing interaction peaks, we are able to obtain the largest eigenvalue solution of the Eliashberg equation. Focusing merely on the interband AF spin fluctuation, the above condition leads to two candidates of pairing symmetry on the singlet channel. One is the extended s-wave, with the gap function of each Fermi pocket having the same sign, while changing the sign between the electron and hole pockets, as shown in Fig.4(b) and (c) . The other is the d-wave as shown in Fig.3(b) and (c) . Actually, which one is more favored depends mainly on the existence of the intraband spin fluctuation caused by the Coulomb interaction U . For a larger U and the approximate nesting within the renormalized Fermi pocket, this spin fluctuation that peaks at (0.5π, 0.5π) emerges (see Fig.2 (b) and (c)), which leads to the gap function to change its sign within each Fermi pocket and thus induces a nodal d XY -wave pairing. In contrast, if the intraband Coulomb interaction U is relatively weak, such that the intraband spin fluctuation is not significant, the extended s-wave state would energetically be favored as it opens a full gap around the Fermi pockets [31] . We think that this kind of connection between the peak structure of the spin response and the pairing symmetry established here is useful for probing the superconducting pairing symmetry by measuring the k-dependence of spin fluctuations in neutron scattering.
Finally, we note that the LDA energy bands in this system exhibits a more complex structure [12, 14, 15] . In the present two-band model, the d xz and d yz orbitals are chosen as these two orbitals have the largest weights to the energy bands crossing the Fermi level [32] . While, the d xy orbital contributes also a weight to the energy band along the Γ − M direction [32] , and particularly in the unfolded Brillouin zone one of the hole Fermi pockets is displaced from the (0, 0) point to the (π, π) point as depicted in Figs.1(a) and (b) , which is actually different from that in a more realistic energy band structure [15] . However, we wish to indicate that these two deficiencies do not affect meaningfully the nesting properties of the Fermi pockets, and thus the results/conclusions obtained above are still unchanged, at least qualitatively.
In summary, based on an effective two-band model and using the fluctuation-exchange approach, we have investigated spin fluctuations and superconductivity as well as the interband coupling in iron-based layered superconductors. We have elaborated that one type of commensurate AF spin fluctuation comes from the interband Coulomb interaction associated with the nesting between the hole and electron Fermi pockets, while the other type of intraband AF spin fluctuation originates from the intraband Coulomb repulsion. We have elucidated that, if the interband AF spin fluctuation plays a significant role, 
